We use time-resolved molecular orbital mapping to explore fundamental processes of excited wave packets and charge transfer dynamics in organic films on femtosecond time scales. We investigate a bilayer pentacene film on Ag(110) by optical laser pump and FEL probe experiments. From the angle-resolved photoemission signal, we obtain time-dependent momentum maps of the molecular valence states that can be related to their molecular initial states by simulations of the involved photoemission matrix elements. We discover a state above the Fermi edge that is temporarily occupied after optical excitation. The wave function of this state is imaged and identified as a transient charge transfer exciton extending over two neighboring molecules.
INTRODUCTION
Angle-resolved photoelectron spectroscopy (ARPES) is a well-known and powerful method to investigate the electronic structure of molecules. In the last decade, so-called orbital tomography has emerged as an exciting extension of the photoemission technique for imaging localized electronic wave functions of molecules in thin films [1] [2] [3] [4] . In this framework photoemission can be described in a one-step model where the final state is represented by a plane wave or more sophisticated final state approximations [5] [6] [7] . Although the phase of the electronic wave function is not an observable, it can be retrieved under suitable experimental conditions [8] , or by use of iterative algorithms traditionally employed in coherent diffraction imaging [9, 10] . This enables more intricate data analyis addressing the real-space information of the photoemission signal and interpretation as the density distribution of individual molecular orbitals.
In this work, we extend this tomographic technique into the time domain and expand the method to achieve fascinating new insights into the charge transfer interaction and population dynamics of electronic wave packets. Studying the formation and relaxation dynamics of charge carriers and electron transfer between molecules is of crucial importance for the optimization of organic device properties. Optical excitation of molecules can result in localized electron-hole pairs confined to the same molecule or charge transfer (CT) excitons delocalized several nanometers apart [11] . The CT-exciton formation and decay is often guided by the wave function overlap between neighboring molecular orbitals, but the exact mechanisms are still disputed [12] [13] [14] [15] . This calls for time-resolved imaging of the molecular wave function of the CT-exciton during the formation and decay.
Pentacene is a prominent example for complex exciton dynamics and singlet fission and has attracted considerable interest due to its potential to exceed the Shockley-Queisser limit in solar energy conversion [11] . Research groups worldwide investigate theoretically and experimentally how the optically excited exciton is redistributed across multiple molecules as well as converted into low-energy electron-hole pairs on ultrafast time scales. It is believed that the dynamics of these phenomena are guided by a complex interplay between excited state configurations and charge transfer states. For pentacene films rapid internal conversion of photoexcited states into dark states of multi-exciton character and splitting into two triplets has been reported [13] .
Specifically we investigate a bilayer of pentacene atop Ag(110). This system exhibits a well-ordered growth structure with high reproducibility. As recently shown [6] , the electronic structure of the first and second layer are well separated in energy from each other. While in the bottom layer the lowest unoccupied molecular orbital (LUMO) is partly filled due to charge transfer from the substrate, the top layer is largely electronically decoupled. This simplifies the identification and reconstruction of the orbitals of individual layers and the capture of ultrafast charge transfer dynamics within frontier orbitals on a femtosecond time scale.
EXPERIMENTAL RESULTS
Expanding the orbital mapping technique into the time domain requires XUV or x-ray photon energies and ultrashort pulses with sufficient flux presently only provided by free electron lasers (FELs) or high harmonics generation (HHG) sources. Most available HHG systems are operating at rather low repetition rates (∼1 kHz) at 1 µJ pulse energy [16] and are therefore very time consuming for conducting pump-probe experiments. FELs based on superconducting linear accelerators such as FLASH at DESY in Hamburg [17] or LCLS II in Stanford with a repetition rate ranging from hundreds of kHz to MHz are thus ideal sources for time-resolved orbital mapping. The high brightness of a FEL does lead to radiation induced damage in the sample and unwanted space charge effects in photoelectron experiments. These complications limit the energy and momentum resolution in time-and angleresolved photoemission spectroscopy [18] . For soft matter, in particular the influence of radiation damage may results in significant peak broadening or side features in the spectra caused by bond-breaking or radical formation [19] . A careful survey of the time scale of the sample degradation under illumination at various light intensities is therefore crucial to gauge and suppress radiation damage.
The effects of pump and probe pulse induced space charge in photoemission were intensely studied over the last years, both from a theoretical point of view and with experimental methods [18, [20] [21] [22] . Coulomb interaction between excited photoelectrons during and after the FEL pulse can lead to a significant shift in binding energy, spectral broadening and smeared out photoelectron angular distribution. In optical pump FEL probe experiments, pump laser multiphoton excitation results in a cloud of slow electrons in the vicinity of the sample surface and perpendicular to the axis of the flight path in the time-of-flight (TOF) instrument. On their trajectories towards the detector they can interact with faster photoelectrons passing by and cause an additional shift and broadening in the detected photoemission signal. It is thus essential to reduce the number of slow electrons and photoelectrons per bunch by attenuating the optical laser and FEL [18, 20] .
The experiments were performed at the PG2 beamline at FLASH [23] . The experimental geometry is depicted in Fig. 1 (a) . Pump and probe pulse impinge on the sample at a polar angle of θ = 68
• and an azimuthal angle of φ = 64
• with respect to the [-1 1 0] direction of the Ag(110) surface and are aligned to have spacial overlap. The photoelectrons emitted into the hemisphere above the sample are detected by a novel TOF momentum microscope [24, 25] and recorded according to their wave vector and kinetic energy. The average FEL pulse energy of 30 µJ was attenuated by nitrogen gas and thin film filter foils to acquire spectra similar to reference measurements in static experiments [6] . The optical pump laser provides a maximum flux of 1 mJ/cm 2 at 400 nm wavelength and is synchronized with the FEL to allow pump-probe delay scans. Within a so-called bunch train of 330 pulses with 1 µs spacing at a repetition rate of 10 Hz, 299 pulses are optically pumped, while the remaining 31 are unpumped. The temporal overlap from FEL and optical laser ('time zero') is established by a characteristic time dependency of spectral shifts in ARPES experiments. The beam spot size of the FEL and optical laser at the sample position were about 250 µm x 150 µm and 260 µm x 150 µm, respectively. For capturing the dynamics, the pump pulse was synchronized with the FEL in such a way, that the optical delay can be freely chosen between several tens of femtoseconds to tens of picoseconds with respect to the FEL bunch. Pentacene (purity 99 %, purchased from Sigma-Aldrich) was deposited from a homemade Knud- sen cell evaporator at a deposition rate of one monolayer per 30 min. Before conducting the photoemission experiment the film thickness and quality was verified by LEED evidencing the pentacene bilayer structure on Ag(110) [6] . The sample was kept at room temperature during the deposition and experiment. during constant illumination at the same sample position. The red curve shows the pumped photoemission signal integrated over the first 25 min after the beginning of the illumination in contrast to the following 5 min of measurement (black) and the parallel detection of the unpumped photoemission signal (blue). Several molecular signals as well as the onset of the Ag 4d-bands towards higher binding energies are visible in the recorded valence region: the partly filled LUMO of the first layer (LUMO 1st ), the HOMO of the first layer (HOMO 1st ), the HOMO of the second layer (HOMO 2nd ), and the HOMO-1 of both layers. Even though molecular thin films tend to be susceptible to temperature-and light-induced deterioration [19] , there is no observable radiation damage within the error of the photoemission intensity for a total measurement time of 30 min at the same sample position because the red and black curve in Fig. 1 (b) are similar. Therefore it is appropriate to integrate the photoemission signal over longer periods of time to increase the signal-to-noise ratio (SNR). As expected for the optically pumped photoemission signal the spectral features are only marginally broadened in energy due to additional space charge-induced effects from slow electrons. They are also slightly shifted in energy by about 150 meV with respect to the EDC obtained from the 31 unpumped pulses (Fig. 1 (b) , blue). Nevertheless, they are still easily discernible in the EDC and can be assigned to their corresponding molecular initial states by comparison to theoretical photoemission calculations.
To this end, we performed simulations of the entire photoemission process with Fermi's golden rule in a one-step model. The computational implementation relies on the linear combination of atomic orbitals (LCAO) and independent atomic center (IAC) approximations and is similar to methods already detailed in literature [6, [26] [27] [28] . The initial state is determined by density functional theory (DFT) calculations of an isolated molecule [29] , while the final state is constructed from a coherent superposition of partial final states at each atomic site. The phase shift of the emitting atom and the inelastic damping inside the system are also included in the simulations. Fig. 2 displays the thus calculated photoelectron momentum maps (PMM) in the bottom green box, juxtaposed to the experimental PMMs in the top red box. All momentum maps are integrated over all recorded pump-probe delays of several ps and in an energy window of ∼ 500 meV at the binding energy position of LUMO 1st , HOMO 1st , HOMO 2nd , and HOMO-1 presented in Fig. 1 (b) . Shown in Fig. 2 (a) is an elliptical feature about ∼ 400 meV above the Fermi edge that is temporarily observable after excitation with the pump pulse. Four other states in the valence region can unambiguously be identified as molecular orbitals: the unoccupied and occupied part of the LUMO, LUMO 1st (unocc.), (b) and LUMO 1st (occ.), (c), respectively. Note the LUMO is partly occupied due to charge transfer from the substrate. In shows the HOMO-1. Comparing the experimental to the simulated results, all are in good agreement with each other and can be related to their respective molecular orbitals by comparison with the calculated PMMs in Fig. 2 (h-k) . While similar comparisons are routine in the evaluation of static photoemission data, they are unprecedented in a pump-probe scheme at a FEL. Below the Fermi edge, the central feature close to normal emission in the experimental PMMs can be attributed to a silver substrate state also visible on clean Ag(110) illustrated in Fig. 2 (g) . Above the Fermi edge, no intensity of the central feature close to normal emission is detected for a pump-probe experiment on clean Ag(110). Hence, we attribute the appearance of the signal in Fig. 2 (a) to the adsorbed pentacene.
Besides these time averaged data sets, the high repetition rate of the FEL and high efficiency of the momentum microscope enables resolving the time-dependent PMM down to the femtosecond scale. As depicted in Fig. 3 (a) , the photoemission signal around the LUMO region at E B = 0.2 eV has been integrated over 350 fs around the indicated pumpprobe delay τ Delay and slightly smoothed in momentum space with a gaussian filter to enhance the SNR. Regardless of any filters however, the LUMO and the central feature close to normal emission are discernible throughout the entire delay scan. As already apparent for τ Delay < 0 and in Fig. 1 (b) , the LUMO is partially occupied due to charge transfer from the substrate indicating a hybridization with the silver spbands. Despite the low SNR, the data quality nevertheless permits an unambiguous identification of signal and a physical interpretation of the dynamic evolution in photoemission intensity for positive pump-probe delays. The observed distortion and complicated dynamics of the wavepacket can be explained in the framework of energy transfer between neighbouring molecules [30, 31] or between molecule and substrate [32] . Additional insights can be gained by integrating the photoemission intensity over all the detected angles and tracking their fluctuation over the pump-probe delay time. Fig. 3 (a,b) presents the photoelectron intensity evolution of the molecular orbitals in time. In Fig. 3 (b) the dynamic signals of the occupied part of the LUMO 1st (green), the unoccupied part of the LUMO 1st (blue) as well as the intensity around the Γ-point feature (Fig. 2 (a) ) above E F (red) are plotted within a time frame of 3.2 ps and a temporal resolution of 100 fs. The total intensity (black) is given by the mean of all intensities for energies between -0.81 eV and 3.37 eV binding energy and remains steady over time with a fluctuation of ∼ 5 %. It therefore does not influence any of the data in-terpretation. The molecular orbital's intensities are integrated within energy intervals around the orbital's maximum as evaluated from Fig. 1 (b) . This energy window is chosen such that space charge-induced energy shifts are taken into account while an energy separation of the orbitals is still possible. Furthermore the signal is filtered and smoothed with Kalman algorithms [33] suppressing the noise of each individual curve down to 10 -15 %. Using this data treatment, time zero can be clearly identified by an increase in the total intensity of close to +10 %.
DISCUSSION
Based on our findings, we propose the following excited state dynamics in pentacene bilayer on Ag(110) and illustrated in Fig. 3 (c) : Before time zero, the LUMO 1st is partially populated by charge transfer from the substrate. At time zero an intensity increase is observed for the state at E B = -200 meV as a consequence of optical pumping from occupied molecular or substrate states (see supplement in Fig. XX) into the quasicontinuum of unoccupied states. The state is clearly identified as previously unoccupied part of the LUMO 1st as shown by the PMM in Fig. 2 (b) . We cannot observe a population increase of states E B < -400 meV at time zero. This might be explained by excitons appearing optically dark or states with a short lifetime τ < 50 fs [13, 34] and outside of the temporal resolution limit of our experiment. A steady increase of the unoccupied LUMO 1st population up to 0.7 ps after the optical excitation suggests charge and energy transfer processes from e.g. the energetically higher states into the unoccupied LUMO 1st possibly as a result of singlet decay, similar to findings at the pentacene/C 60 interface [13, 35] . The most prominent feature in the population dynamics is marked by a drop in intensity within the occupied LUMO 1st starting at 1 ps and reaching its minimum at 1.25 ps (green curve). This is accompanied by a simultaneous intensity increase around the Γ-point (red curve) immediately implying a correlation of both states. Around 1.6 ps the population of the state around the Γ-point decays into the occupied LUMO 1st and both states return close to their previous population densities. The state around the Γ-point decays within (130 ± 25) fs similar to the findings of comparable systems [36] .
We propose the formation of a CT-exciton with the hole and electron localized on different molecules where the hole is occupying the LUMO 1st and the electron the CT-exciton state. By approximating the final state with a plane wave, we Fourier transform the PMM in Fig. 2 (a) to reconstruct the exciton in real space [1] . Since there are no apparent nodal planes of the intensity, we use a constant phase in the transformation and obtain an elliptically shaped electron distribution expanding 13.8Å in [001] direction and 12.2Å in [-100] direction. In Fig. 4 we have projected the resulting square of the wave function onto a real space illustration of the first monolayer of a bilayer pentacene film on Ag(110). The square of the wave function is cut off at about 60% of its maximum to sup- Figure 4 : llustration of the CT-exciton (magenta) across two pentacene molecules in the first monolayer as reconstructed from the PMM shown in Fig. 2 (a) . The square of the wave function is cut off at about 60% of its maximum. The radial symmetry of the CT-exciton is visibly distorted by the potential surface shaped by the inter-molecular alignment.
press unphysical oscillations after the Fourier transformation due to the low SNR in the measured PMM. The size of the CT-exciton extends to the neighboring molecule and its contour is visibly shaped by the lateral alignment of the pentacene molecules. It is well known for materials with low dielectric constants that an excited electron and a hole can give rise to an atomic hydrogen-like exciton [36, 37] . Such excitons are temporarily trapped in the electron-hole Coulomb potential. Considering the distortion of the spherically symmetric potential well, this conclusion is in good agreement with our experimentally reconstructed CT-exciton wave function.
CONCLUSION
We have shown the viability of time-and angle-dependent photoemission spectroscopy below the picosecond scale on organic molecular thin films with a free electron laser. We demonstrated an essential first step with the interpretation and identification of molecular orbitals in the time-resolved PMMs on an ultrashort time scale. This technique allows to image a shortly living CT-exciton wave function extended over two molecules. The population dynamics within the first few picoseconds hints at multiple relevant relaxation channels, including singlet splitting by electron-electron interactions and intermediate charge transfer states after optical excitation of the pump laser.
ACKNOWLEDGEMENT
We gratefully acknowledge the contribution of the late Prof. Wilfried Wurth to this paper. We thank Andreas Oelsner for his technical assistance and the FLASH team for their support during the experiments. We acknowledge financial support from the DFG through the Würzburg-Dresden Cluster of Excellence on Complexity and Topology in Quantum Matter -ct.qmat (EXC 2147, project-id 39085490), the excellence cluster "The Hamburg Centre for Ultrafast Imaging -Structure, Dynamics and Control of Matter at the Atomic Scale" of the Deutsche Forschungsgemeinschaft (DFG EXC 1074) and projects SCHO1260/4-2 and RE1469/12-2. * To whom correspondence should be addressed; E-mail:markus.scholz@xfel.eu.
